We report new experimental data on the rotationally resolved room temperature absorption spectrum of CH 2 O in the near infrared (NIR) region between 6804 and 7051 cm −1 (1470-1418 nm). 
Introduction
Formaldehyde (CH 2 O) is an important intermediate in the oxidation of most hydrocarbons and plays a key role in chemistry of the atmosphere due to efficient photolysis of CH 2 O at wavelengths below 360 nm [1, 2] . For example, the reaction of O 2 with the products (H and HCO) of formaldehyde photolysis below ∼ 329 nm leads to the formation of HO 2 radicals [3] . Thus photolysis of CH 2 O maintains the oxidizing capacity of the atmosphere. Large efforts have been made in order to develop reliable detection methods of CH 2 O. For the quantification of CH 2 O under atmospheric conditions with ground-based or airborne instruments absorption spectroscopy has been extensively used, predominantly in two distinct wavelength regions: (i) the UV region between 260-350 nm [4] [5] [6] [7] [8] , and (ii) the infrared (IR) region [9] [10] [11] [12] , either around 3.5 μm, or between 5-6 μm. Absorption cross-sections in the IR regions are rather large and thus enable high detection sensitivity. A comprehensive overview and intercomparison of absorption crosssection data in these wavelength ranges has been given by Gratien et al. [13] . Under laboratory conditions, CH 2 O has also been quantified either by UV-absorption or using tunable diode laser absorption spectroscopy (TDLAS) in the infrared region [14] [15] [16] [17] . The near infrared (NIR) region, however, where much weaker overtone or combination bands can be found, has only moved into the focus of interest due to the significant sensitivity improvements that were made with cavityenhanced spectroscopic techniques over the last two decades. Even though the NIR is not a wavelength region specifically useful for the quantification of CH 2 O in the atmosphere, it is nevertheless a wavelength region that finds more and more applications in laboratory studies thanks to the development of reliable cavity methods and the corresponding, widely available optical components.
As for absorption features of CH 2 O in the NIR range, Barry et al. [18] [19] [20] measured absolute absorption cross-sections of selected lines in the 2 5 transition around 5680 cm −1 using two methods; cavity ring-down spectroscopy (CRDS), and cavity-enhanced absorption spectroscopy (CEAS). They reported good agreement between the absorption cross-sections obtained by the two different approaches. Zhao et al. [21] measured a spectrum at somewhat higher energies, i.e. from 6351-6362 cm −1 , using cavity-enhanced absorption spectroscopy (CEAS).
Previously, Staak et al. [22] measured the absorption spectrum of CH 2 O in the range 6547-6804 cm −1 , where transitions of several combination bands can be Absorption Spectrum of CH 2 O from 6547 to 7051 cm
found [23] . cw-CRDS has been used more recently in several absorption experiments of several individual lines in the region around 6600 cm −1 [24] [25] [26] [27] [28] for the direct and indirect quantification of CH 2 O.
In the context of the available NIR absorption measurements the aim of this publication is twofold: Firstly, unpublished absorption data are presented that extend the absorption spectrum in Ref. [22] by ∼ 250 cm −1 towards higher energies: these data had been obtained at the same time using the same set-up as the data in Ref [22] , but had not yet been published. Secondly, even though the direct and indirect evaluations of the CH 2 O absorption in Refs. [24] [25] [26] [27] [28] confirmed line positions in Ref. [22] , discrepancies in the absolute cross-sections of up to a factor of 2 were reported. This publication reviews and scrutinized the relevant literature in order to establish new recommendations of absorption cross-sections for the spectral region from 6547-7051 cm −1 . The absorption data and information on cross-sections of CH 2 O presented here are useful for the development of theoretical models of the ground state potential of CH 2 O and for future observation and quantification of CH 2 O in the NIR region.
Experimental
Cavity-enhanced absorption spectroscopy was used to measure the rotationallyresolved formaldehyde spectrum between 6547 and 6804 cm −1 by Staak et al. [22] , and between 6800 and 7051 cm −1 in the present work. The main components of the experimental setup have been published before and can be found in Figure 1 of Refs. [22, 29, 30] . The experimental description given here refers to the new measurements in the region 6800-7051 cm −1 (i.e. ∼ 1470-1418 nm). This spectral range was covered with a temperature-stabilized external cavity diode laser (Sacher Lasertechnik, TEC500) in Littman configuration. The laser had a bandwidth of ∼ 1 MHz and was operated at typical powers of ∼ 4 mW. An optical isolator was used to reduce feedback into the laser and to prevent the associated laser instability. The distance from the well-collimated laser to the cavity was also made as large as possible (ca. 2.3 m) for the same reason. The cavity was formed by two dielectric spherical mirrors (radius of curvature = −3 m, maximum reflectivity ∼ 0.9975) separated by 85 cm. As opposed to the measurements in Staak et al. [22] the present data were established using off-axis alignment (OA-CEAS) [31] ; i.e. the laser beam entered the cavity parallel to the optical axis ∼ 8 mm away from the center of the cavity's entrance mirror. The laser was repeatedly scanned mode-hop free over overlapping wavenumber intervals of ∼ 2 cm −1 ; the intervals were subsequently concatenated to yield the overall spectrum. The light transmitted through the cavity was detected with an InGaAs photodiode (NewFocus, Nirvana 2017). The data were collected and averaged with a digital oscilloscope (LeCroy Waverunner LT264) over 500 sweeps per interval. The typical overall acquisition time was 55 s at a sampling rate of 9 Hz. The minimum detectable absorption for these conditions was better than 5 × 10 was also used to normalize the laser power over the tuning range (see also Figure 1 in Refs. [22, 29] ). In Ref. [22] the mirror reflectivity was determined prior to measurements with formaldehyde based on the known integrated line strengths [32] 120 mbar) with a relative precision of 0.01 mbar. All measurements were taken at a pressure of 2 mbar of CH 2 O. The temperature of the system was 291 ± 2 K.
Results
The absorption spectrum of CH 2 O from 6547 to 7051 cm
The spectral data shown in blue has been taken from Staak et al. [22] , the green trace represents (as of yet) unpublished data. The maximum signal-tonoise ratio of the spectrum is greater than 500, and more than 4500 lines larger than 5 × 10 −23 cm 2 were observed in the spectral region shown. Even though the absorption structure has been largely spectrally resolved, the high density of states of overlapping ro-vibrational combination bands in that region produces a congested spectrum, which makes individual line assignment a formidable task. At room temperature the rotational envelopes of the fundamental modes are slightly wider than ∼ 100 cm −1 [33] , which roughly applies to the combination 1 The spectrum in Figure 1 has two gaps near the low energy end of the region covered (i.e. from 6549.7-6551.3 cm −1 and 6553.5-6554.5 cm −1 ). bands shown here. The maximum absorption is gradually decreasing over this wavenumber region due to an increasing Franck-Condon inhibition of transitions with increasing energy. A ro-vibrational structure of combination bands and overtones is apparent across the entire spectrum. However, a comprehensive spectral analysis will be necessary to deconvolute the overlapping combination bands and to assign vibrational bands with confidence. Such an analysis is beyond the scope of this publication. A list of vibrational states occurring in the spectral range is given in Table 1 , which is based on a list of combination and overtone bands reported by Bouwens et al. [23] . States whose occurrence in the spectrum is apparent on basis of apparent branch structures are marked with an asterisk in 
Photolysis of CH 3 ONO in a large photo-reactor [24]
The photolysis of CH 3 ONO in the UV is a common source for OH radicals in atmospheric simulation chambers: the initially formed CH 3 O radical leads, in the presence of O 2 , to the rapid formation of HO 2 and CH 2 O, whereby HO 2 reacts subsequently with the co-product NO to form OH radicals. HONO is a possible by-product in this system from the reaction of OH with NO. Djehiche et al. [24] studied the photolysis of CH 3 ONO at a total pressure of 53.3 mbar of air in a 140 dm 3 photo-reactor equipped with a cw-CRDS detection system. The primary goal of this study was the direct observation of HONO formation, suspected to be a direct product of the reaction of OH radicals with CH 3 ONO. The buildup of CH 2 O and HONO were measured simultaneously in a time resolved way by cw-CRDS following the continuous UV irradiation of a known concentration 
Low temperature combustion of CH 4 [25]
The methane oxidation has been investigated under low temperature combustion conditions using a jet-stirred reactor (JSR) coupled to a cw-CRDS cavity [25, 27, 34] . The gas mixture was continuously pumped through a small orifice from the JSR, kept at atmospheric pressure, into a CRDS cavity, which was kept at a pressure of ca. 13.3 mbar. The absorption spectrum was measured using CRDS in the wavelength range 6638 to 6642.5 cm cavity is probably in equilibrium with the gas phase and was therefore considered negligible. A complete experiment consisted of several single experiments at different temperatures with the goal of observing the resulting change in concen-tration of the oxidation products with temperature. Experiments can then be performed using different initial reactant concentrations or residence times within the JSR. Chemical models, incorporating hundreds of species and chemical reactions, can then be developed to reproduce the species' time profiles as good as possible.
In the experiment in Ref. [25] 
Indirect measurement of the absorption cross-sections [26]
Morajkar et al. [26] measured absorption cross-sections of two absorption lines of CH 2 O using a laser photolysis reactor equipped with a cw-CRDS apparatus and a high repetition rate laser induced fluorescence (LIF) setup [35] . The absorption cross-sections of the lines at 6624.779 and 6625.248 cm −1 were quantified at ≈ 13.3 and ≈ 66.1 mbar helium. A major difficulty in handling CH 2 O is that it is easily adsorbed on surfaces and that it also tends to polymerize (see Section 4.6). Therefore, the time-resolved pseudo-first order decay of OH radicals was measured by LIF in combination with simultaneous cw-CRDS measurements of two CH 2 O absorption lines. In excess of CH 2 O, OH radical concentrations will decrease exponentially due to the reaction OH + CH 2 O → H 2 O + HCO.
Based on the rate coefficient of this reaction, which is known to within 15% [36] 
Equilibrium constant of the reaction of CH 2 O with HO 2 [28]
In a study to determine the equilibrium constant of the reaction of CH [40] it is conceivable that the applied broadening coefficients contain a small systematic error. However, as a consistent deviation of a factor of 2 was found regardless the experimental conditions, systematic errors in the broadening coefficients are unlikely to cause the discrepancy.
Possible explanation for disagreement
Staak et al. have measured the spectrum in a static cell, filling it with 2 mbar of CH 2 O. Even though a systematic error in the pressure measurement with an absolute capacitance gauge might not be ruled out completely, it appears unlikely to be the sole cause for the observed cross-section differences. On its own the potential error in pressure is too small to account for the size (factor 2) of the discrepancy. Polymerization of CH 2 O at 2 mbar as a reason for biasing the pressure measurement appears to be negligible.
Since CH 2 O is "sticky" and generally difficult to handle, CH 2 O can potentially adsorb on the cavity mirrors of the sample cell, thus adding to the light absorption, but not to the pressure measurement. Such an effect would lead to higher absorption cross-sections owing to a reduced mirror reflectivity. The methods used in Refs. [24] [25] [26] [27] [28] are based on kinetics measurements in conjunction with flow cell setups where equilibrium conditions are less critical to establish and wall losses of formaldehyde are minimized. Another reason might be that in CEAS, the reflectivity of the mirrors must be obtained through independent experiments in order to determine absolute cross-sections. In that sense CEAS is not an "absolute" method as opposed to CRDS where, firstly, knowledge of the exact cavity mirror reflectivity is not required to determine absolute cross-sections, and secondly mirror reflectivities can be directly determined from simple reference measurements without sample. Hence reflectivity calibration measurements as they are usually performed in CEAS (e.g. with a gas of known absorption cross-section and number density) are not necessary. All systematic errors during the calibration of the mirror reflectivity in CEAS can have an impact on the absorption cross-sections of CH 2 O. Therefore, we think that it cannot be ruled out that the sum of all possible errors in the work of Staak et al. might lead to cross-sections that are systematically too high by a factor of 2.
Conclusion and recommendation
The formaldehyde absorption spectrum from Staak et al. has been extended to cover the region 6547 to 7051 cm Table 2 , and in the supplementary material have all been corrected to smaller values in accordance with the review of literature data in Section 4. We recommend using the new data from this publication in future work rather than the original data in Ref. [22] , as far as cross-sections are concerned. Please note that there have been no indications that relative lines strengths in Ref. [22] are overly biased, and neither discrepancies in the stated accuracy of line positions nor in the reported broadening coefficients are evident.
